Introduction
[2] The island of Tasmania comprises the southern limit of the Tasman Orogen of southeast Australia, which formed largely as a result of subduction-accretion along the protoPacific margin of east Gondwana throughout the Paleozoic [Glen, 2005] . Tasmania may be divided into two basement geology domains: the Western Tasmanian Terrane (WTT) and the Eastern Tasmanian Terrane (ETT) (Figure 1 ) [Williams, 1989] . WTT has large areas of exposed Proterozoic basement which contrast with the Phanerozoic rocks of the adjacent mainland Lachlan Fold Belt [Reed, 2001] . ETT, however, exhibits no evidence of Proterozoic outcrop and is predominantly Paleozoic in origin [Reed, 2001] .
[3] In an attempt to elucidate the lithosphere beneath southeast Australia, including Tasmania, a transportable passive seismic array experiment known as WOMBAT commenced in 1998 . To date over 550 stations have been installed during 13 consecutive subarray deployments. In northern Tasmania, joint inversion of teleseismic and pre-existing wide-angle (refraction and reflection) data has revealed a pronounced low velocity anomaly in the lower crust and lithospheric mantle near the transition between ETT and WTT. Magnetotelluric and magnetovariational studies [Parkinson et al., 1988] have revealed a major conductivity anomaly in northeast Tasmania, directly in line with the Tamar River. In 2007, KUTh Energy Ltd. (www.kuthenergy.com) performed an extensive heat flow survey in east Tasmania in which a significant heat flow anomaly was discovered in a ∼4,000 km 2 region of the southern Tamar Valley.
[4] One area of particular controversy in Tasmanian tectonics is the nature of the boundary between WTT and ETT. The limited Paleozoic surface exposure indicates that there is a broad and complex area of deformation between the distinctive outcrop of WTT and ETT [Reed, 2001] , but evidence of a definite boundary remains elusive. More than two decades ago it was postulated that the Tamar River marks the approximate location of a crustal-scale suture zone [Williams, 1989] -sometimes referred to as the Tamar Fracture System -between ETT and WTT. This idea has since been questioned [Leaman et al., 1994; Reed, 2001; Rawlinson et al., 2010] , and the observed changes in stratigraphy that gave rise to the original hypothesis are now interpreted as being related to thin-skinned (near-surface) tectonic processes [Leaman et al., 1994] .
[5] Cayley [2011] proposes a Cambrian to Silurian tectonic scenario in which Tasmania, the Selwyn Block of central Victoria, and adjacent oceanic plateaus are jointly interpreted as an exotic Proterozoic microcontinental block that they call "VanDieland." The block is assumed to have collided with east Gondwana along the margin south of western Victoria, Australia, and north of North Victoria Land, Antarctica, along a west-dipping subduction system in the Late Cambrian. Gibson et al. [2011] present a variation on this tectonic scenario in which Tasmania originated south of Victoria Land, Antarctica, thus rendering unnecessary the labeling of Tasmania as an exotic terrane. In either case, VanDieland was ultimately transferred northeast to its present position, with the Selwyn Block embedded into the Lachlan Orogen. The Selwyn Block theory resolves the problem of how to reconcile the Proterozoic basement rocks of western Tasmania with the largely Paleozoic, oceanic crust derived Lachlan Fold Belt of Victoria.
[6] Another possibility is that WTT is one of many salients of a very irregular, rifted east Gondwana margin [Direen and Crawford, 2003] . Much of the Delamerian Orogen is underlain by deformed Proterozoic lithosphere, which may extend south into Tasmania, where it outcrops at the surface. In this case, the eastern edge of WTT acted as an indenter to the oceanic crust when it collided with an intraoceanic arc during the Middle Cambrian [Direen and Crawford, 2003] . ETT subsequently resulted from episodic accretion of oceanic crust and sediment deposition along Tasmania's eastern margin from the Silurian through Early Devonian [Reed, 2001] .
[7] In this study, we image the crust of Tasmania using ambient seismic noise tomography applied to continuous data records extracted from the WOMBAT subarrays TIGGER and SETA. Thanks to the high station density of these arrays and prolific ocean noise from all sides [Yang and Ritzwoller, 2008] , this is the first time that high-resolution group and phase velocity maps have been produced for Tasmania. The results from this study complement those from recent seismic and heat flow studies and lead to a substantially better understanding of the tectonic evolution of this enigmatic region of the Australian continent.
Data and Method
[8] The data for this study comes from two subarrays of the WOMBAT transportable seismic array project. The 64 short-period stations of the TIGGER array were deployed in March 2002 and span northern Tasmania, while the 40-station SETA array was installed four years later immediately south of TIGGER on the central east part of the island ( Figure 1b ). We use approximately seven months of data from each array to perform ambient seismic noise tomography of the region.
[9] The ambient noise cross-correlation procedure we employ is similar to that of Bensen et al. [2008] . To produce the highest-quality Green's functions, the noise recordings are divided up into 40 minute segments with 75% overlap. Vertical-component data is cross-correlated and stacked for all simultaneously recording station pairs, resulting in 2038 cross-correlograms for TIGGER ( Figure 2a ) and 779 for SETA. A phase-matched filtering process described by Levshin and Ritzwoller [2001] enables the utilization of cross-correlograms with a signal-to-noise ratio (SNR) as low as 3 (see Arroucau et al. [2010] for details), although the average SNR is 49.3 for SETA and 34.3 for TIGGER.
[10] We perform group velocity dispersion measurements using the frequency-time analysis (FTAN) method presented by Levshin et al. [1972] and selection criteria described by Arroucau et al. [2010] on the symmetric component (average of the causal and acausal signals) of the negative time derivative of the cross-correlation functions, which can be interpreted as Rayleigh wave Green's functions [Curtis et al., 2006] . Phase velocities are measured using a modified version of the image transformation technique described by Yao et al. [2006] , which invokes the far-field approximation. In order to accurately measure phase velocities up to 1 Hz, we introduce a linear-dependence of the bandpass-filter width on the central period. Both group and phase dispersion measurements are only performed when the interstation spacing is at least three wavelengths at a given period [ Bensen et al., 2008] . This requirement places an upper limit on the group and phase velocity maps of about 12 s, although individual dispersion curves range up to 25 s.
[11] After making the group and phase velocity measurements (Figures 2b and 2c) , a tomographic inversion is performed for periods between 1 and 12 s. Fundamental mode Rayleigh wave group and phase velocity variations are mapped on a regular grid of 3,600 nodes using an iterative, non-linear tomographic inversion scheme [Arroucau et al., 2010] which uses an eikonal solver to predict traveltimes and a subspace scheme to solve the inverse problem. Both damping and smoothing regularization are applied to prevent convergence towards a solution that has unnecessarily large amplitude perturbations and model roughness. Synthetic "checkerboard" resolution tests are performed in order to analyze the resolving power of the data. Gaussian noise with a standard deviation of 0.25 s is added to the synthetic data to simulate the noise content of the observed traveltimes.
Results
[12] Most ambient noise studies are restricted to a lower period limit of 5 to 10 s [Yao et al., 2006; Bensen et al., 2008; Yang et al., 2007] . Moreover, studies that are able to observe coherent energy at 1 s period often lose resolution above 3 s [Huang et al., 2010] due to the reduced spatial extent of their arrays. We, however, have produced group and phase velocity maps for periods between 1 and 12 s using 90% of the SETA dispersion curve measurements and 93% of those from TIGGER. Application of the tomographic inversion scheme using constant velocity starting models results in significant improvement in residual misfit for periods between 1 and 12 s, with variance reductions ranging from 24 to 88%. The lower variance reductions are associated with the longest-period (>9 s) solutions, where there is a gradual degradation of dispersion measurements as the far-field approximation becomes less accurate [Yao et al., 2006] .
[13] The tomography results show that there is a strong correlation between the group and phase velocity variations across north and central east Tasmania (Figure 3 ). The average group and phase velocity sampling depth increases with period, with the phase velocities sampling slightly deeper than the group velocities at a given period. For typical continental crust, 1 s period surface waves are most sensitive to structure in the upper 1-2 km, whereas 12 s period surface waves are most sensitive to structure at depths between 10-15 km [Saygin and Kennett, 2010] .
[14] The most obvious characteristic of the new group and phase velocity maps produced in this work, visible at all well-resolved periods, is a pronounced low-velocity zone within the neighborhood of the Tamar River Valley that continues southwards through both arrays (line A, Figure 3 ). This consistently broad (∼50 km) feature follows a curved path that can be tracked southeast from Tasmania's north coast before bending southward at around 42°S. Although the southern limit of the velocity images occurs at around 42.5-43°S, the low-velocity zone becomes more patchy in this area and possibly terminates near the southern border of the SETA array. We also find significantly lower velocities along the Arthur Lineament to the west (line B, Figure 3) . While not as consistent as the velocity low along the Tamar River Valley, this narrower (∼25 km) lineation of decreased velocities is manifest at all periods.
Discussion
[15] The pronounced low-velocity anomaly that runs approximately parallel to the Tamar River (line A, Figure 3) suggests that there is a strong change in crustal properties extending to at least 15 km depth. This low-velocity region has a width of approximately 50 km and is as much as ∼0.5 km/s slower than the surrounding areas. Since the shape of this anomaly bares some similarity to the surface expression of broad-scale surface geomorphological features in northern Tasmania, we have given considerable thought to the possible influence of surface features on deeper-seated anomalies. While the low velocities at shorter periods in the northern half of the anomaly are in part due to a localised region of sedimentary rocks in the Longford Basin of north Tasmania [Direen and Leaman, 1997] , the pattern observed at longer periods cannot be explained by this 800 m (maximum) surface layer of sediments. Our synthetic sensitivity kernel tests show that longer period (>4 s) velocity maps are not significantly affected by an 800 m thick low-velocity (1 km/s slower than underlying basement) sediment layer at the surface. Furthermore, the low-velocity zone extends south from the Longford Basin and is also seen down to a depth of approximately 130 km by joint wide-angle reflection, refraction, and teleseismic studies , which barely sample the upper crust in this region. The decrease in average wavespeed that we detect is also consistent with elevated conductivity and heat flow levels that have been observed in the area [Parkinson et al., 1988] (www.kuthenergy.com). The new ambient seismic noise work presented here greatly improves the resolution and depth constraints of velocity variations in the Tasmanian crust.
[16] Although a definite change in crustal properties is present in the vicinity of the Tamar River, the breadth of the low-velocity anomaly precludes the presence of a lithospheric boundary resulting from the juxtaposition of two separate crustal elements. We prefer the thin-skinned scenario as previously suggested by seismic reflection, refraction, teleseismic , and potential field data [Leaman, 1990] . A possible explanation for the unique crustal qualities of the Tamar Valley area is that the confluence of WTT and ETT once represented a passive margin between oceanic crust in the east and Proterozoic continental crust in the west [Reed, 2001] .
[17] According to Reed [2001] , ETT was deformed and thickened during a pre-Tabberabberan event correlating with the Benambran deformation of the Australian mainland. In this scenario, the joining of WTT and ETT corresponds to the boundary area between continental and oceanic basement, which is characterized by heavy deformation, shortening, and east-facing recumbent folds and thrusts. This explains the breadth (∼50 km) of the low-velocity anomaly seen in our images (line A, Figure 3) . Reed [2001] places the paleo-continent ocean boundary west of the Tamar River (corresponding to the left edge of our low-velocity zone) and assumes it continues north beneath the waters of Bass Strait and evolves into the Governor Fault in southeast Australia. Reed [2001] concludes that the boundary between ETT and WTT is equivalent to the separation of the Tabberabbera and Melbourne Zones in Victoria. This is supported by Cayley [2011] and Gibson et al. [2011] , who argue that the rigid basement block of central Victoria (the Selwyn Block) is the northward extension of the Tasmanian Proterozoic-Early Paleozic crust, which sits unconformably beneath sedimentary rocks of the Melbourne Zone. In this case, we would expect to see a continuation of the lowvelocity anomaly through Bass Strait and into Victoria. However, to date, there have been no concurrently running arrays in Tasmania and the adjacent mainland to facilitate ambient noise imaging beneath Bass Strait. In Victoria, recent hot-spot volcanism may have influenced ambient noise group velocity maps [Arroucau et al., 2010] , but no analogous low-velocity zone is seen continuing through the mainland. This incongruity may suggest that some components of the Paleozoic tectonic regimes that operated in Victoria and Tasmania are not comparable.
[18] A competing hypothesis is that WTT is a salient of the eastern margin of Gondwana [Direen and Crawford, 2003] . The Proterozoic material underlying the Delamerian Orogen of Victoria is proposed to extend down through Bass Strait and into Tasmania. Western Tasmania shares many geological and petrological-geochemical similarities with western Victoria [Direen and Crawford, 2003] . Furthermore, recent teleseismic tomography of mainland southeast Australia [Rawlinson et al., 2011] shows that the Delamerian Orogen extends eastward beneath the surface outcrop of the Lachlan Orogen, thereby increasing the likelihood that WTT is simply a part of Pre-Cambrian Australia. If WTT is assumed to have been a pronounced projection out from east Gondwana, then strong and concentrated deformation would be expected when the exposed margin of WTT collided with oceanic crust during the Middle Cambrian. The resulting intense deformation would be local to WTT, perhaps explaining the absence of an equivalent low-velocity zone on the mainland.
[19] Another prominent and consistent feature of the models is the low-velocity anomaly beneath the Arthur Lineament, a sheared belt of magnetic metamorphic rocks that separates the Rocky Cape Element from the Dundas Element (Figure 1a) . Our maps indicate that this transition is heavily deformed and extends at least 8 km beneath the surface. Beyond approximately 9 s period, the anomaly becomes less defined and more dispersed. The Arthur Lineament was formed during the early stages of the Tyennan Orogeny, and subsequent deformation during the Tabberabberan Orogeny resulted in further faulting, folding, and granitoid intrusion [Williams, 1989] ; the lower velocities may reflect the fact that it consists mainly of metasedimentary rocks.
Conclusions
[20] In this study we obtain exceptionally high resolution Rayleigh wave fundamental mode group and phase velocity maps for periods between 1 and 12 s, thereby demonstrating that with dense seismic arrays and close proximity to oceanic microseisms, high-resolution tomography at high frequencies is possible with ambient noise methods. The resulting tomographic images of the crust across a wide range of periods reveal a ∼50 km wide, southeast-trending, low-velocity lineation within the vicinity of the Tamar River. We interpret the low-velocity zone as the mid-upper crustal expression of a broad and heavily deformed transition zone, which can be attributed to the localized shortening, thickening and accretion of oceanic crust along the passive margin of WTT during the early-mid Paleozoic. The wide zone of anomalously low velocities revealed by our maps is consistent with two plate tectonic hypotheses that attempt to explain the lithospheric evolution of the region: (1) WTT can be interpreted to be part of an exotic microcontinent, inherited from the break-up of Rhodinia, that was embedded into the eastern margin of Gondwana; or (2) WTT is a salient of the eastern margin of Gondwana, and represents the southern extension of the Delamerian Orogen. In either case, it is plausible for the western margin of ETT to be represented by a broad region of strong deformation and faulting (and hence low velocity) due to the accretion of oceanic material against more rigid continental lithosphere.
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